There is mounting evidence that the width of the tropics has increased over the last few decades, but there are large differences in reported expansion rates. This is, likely, in part due to the wide variety of metrics that have been used to define the tropical width. Here we perform a systematic investigation into the relationship among nine metrics of the zonal-mean tropical width using preindustrial control and abrupt quadrupling of CO 2 simulations from a suite of coupled climate models. It is shown that the latitudes of the edge of the Hadley cell, the midlatitude eddy-driven jet, the edge of the subtropical dry zones, and the Southern Hemisphere subtropical high covary interannually and exhibit similar long-term responses to a quadrupling of CO 2 . However, metrics based on the outgoing longwave radiation, the position of the subtropical jet, the break in the tropopause, and the Northern Hemisphere subtropical high have very weak covariations with the above metrics and/or respond differently to increases in CO 2 and thus are not good indicators of the expansion of the Hadley cell or subtropical dry zone. The differing variability and responses to increases in CO 2 among metrics highlights that care is needed when choosing metrics for studies of the width of the tropics and that it is important to make sure the metric used is appropriate for the specific phenomena and impacts being examined.
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Introduction
There is mounting evidence that the width of the tropics has expanded over the last few decades and will continue to expand in the future [see, e.g., reviews by Seidel et al. (2008) , Birner et al. (2014) , and Lucas et al. (2014) ]. This expansion could potentially result in shifts in precipitation patterns and ecosystems, with negative consequences on water resources, agriculture, and fisheries (Heffernan 2016) . However, there are large differences in reported historical expansion rates (e.g., Davis and Rosenlof 2012) , with values ranging from a few tenths to several degrees latitude per decade, and there is currently no consensus on the cause of the expansion. There are several possible reasons for these differences: the observations, reanalyses, and models used differ between studies, as do the time periods and seasons considered, and a variety of metrics have been used to quantify changes in tropical width.
The possibility that the use of different metrics has contributed to the wide range of reported expansion rates has led to several recent studies examining the covariability of different metrics of the width of the tropics (e.g., Solomon et al. 2016; Davis and Birner 2017) . Solomon et al. (2016, hereinafter S16 ) examined the covariability of seven different metrics of the Southern Hemisphere (SH) tropical edge in a suite of simulations from a single climate model and meteorological reanalyses, and presented evidence that metrics based on the mean meridional streamfunction, lowertropospheric winds, and precipitation minus evaporation are generally correlated with each other on interannual and decadal time scales, but metrics based on outgoing longwave radiation, subtropical upper-tropospheric winds, and tropopause pressure are generally uncorrelated with the streamfunction and precipitation minus evaporation metrics. Davis and Birner (2017, hereinafter DB17) examined covariability of a similar (but not identical) set of tropical width metrics, for both the Northern and Southern Hemispheres, using historical simulations of the twentieth century from phase 5 of the Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012) , as well as reanalyses. They also found that SH metrics derived from the mean meridional streamfunction and surface or lower-tropospheric winds are correlated with each other, and that there was little correlation between these metrics and metrics based on subtropical upper-tropospheric winds or tropopause pressure. DB17 proposed that metrics based on surface or lower-tropospheric winds or the mean meridional streamfunction are related as they all measure different aspects of the total-column eddy momentum driving. On the other hand, metrics based on the subtropical uppertropospheric winds and tropopause pressure are related to the meridional temperature gradient, which is in part related to the stratosphere-troposphere temperature contrast.
While there is much agreement between S16 and DB17 and some general conclusions on covariability of different metrics can be drawn from these studies, there are several inconsistencies. For example, the correlations of SH metrics from models are weaker in DB17 than in S16, and, in contrast to S16, DB17 report a very weak relationship between the precipitation minus evaporation-based metric and other metrics. There is also an inconsistency between S16 and the recent study of Mantsis et al. (2017) : Mantsis et al. (2017) reported strong covariability between metrics based on the mean meridional streamfunction and outgoing longwave radiation, contradicting the weak correlations between these metrics reported in S16. It is also notable that the correlations among the metrics examined by DB17 are much weaker in the Northern Hemisphere (NH) than in the SH. In particular, the correlations among metrics based on the mean meridional streamfunction and lower-tropospheric winds are weak or nonexistent in the NH, but are significantly correlated with one another in the SH. The causes of the above inconsistencies or hemispheric differences are as yet unknown, and could be due to a variety of factors including differences in the datasets or model simulations examined, the methods used to calculate the metrics, and the measures of covariability used in the different studies.
Here we revisit the issue of relationships among different metrics of tropical width to identify the robust aspects of the above results and to resolve the differences between them. We also aim to provide guidance on which metrics are appropriate for measuring different aspects of tropical expansion. To do this we examine the covariability of a range of metrics in a large number (23) of CMIP5 models, for different seasons, for the SH and NH, and in both long preindustrial control (PI) simulations and simulations with an abrupt quadrupling of CO 2 (43CO 2 simulations). By considering 23 models, we can test the robustness of the relationships, while considering seasonal and annual mean fields in both hemispheres, we can examine whether hemispheric or seasonal differences are the cause of any of the above discrepancies.Finally,byconsidering PI and 43CO 2 simulations, we can test whether metrics covary for both unforced interannual variability andforcedtrends.
The models used and metrics calculated are described in the next section. In section 3 we examine the covariability of the metrics on interannual time scales, while in section 4 we examine the spatial variations in the fields used to define the metrics. In section 5 we compare the responses of the metrics to a quadrupling of CO 2 . Concluding remarks are provided in section 6.
Data and methods

a. Models
Here we use monthly mean output from 23 climate models that participated in CMIP5 (Taylor et al. 2012) , provided courtesy of the Program for Climate Model Diagnosis and Intercomparison at Lawrence Livermore National Laboratory. For each model, we analyze the first ensemble member (''r1i1p1'') from the PI and 43CO 2 simulations. The models used are listed in Table 1 . They are the same as in Polvani (2014, 2016) , and for each model the PI simulation provides at least 200 years from which to diagnose unforced interannual variability.
b. Metrics
We consider the nine metrics of zonal-mean tropical width listed in Table 2 and shown schematically in Fig. 1 . Seven of the metrics were also considered in S16 or DB17, and the two additional metrics have been used in other studies: SLP (Hu et al. 2011; Choi et al. 2014) and DOLR (Davis and Rosenlof 2012; Mantsis et al. 2017) . These metrics measure different aspects of the climate system, including the position of the edge of the Hadley cell (PSI metric), the midlatitude eddy-driven jet (EDJ), the transition from surface easterly to westerly winds (USF), the poleward edge of the subtropical dry zone (P-E), the ridge of high sea level pressure in the subtropics (SLP), the subtropical jet (STJ), the subtropical break in the tropopause (TPB), and the width of the region of high outgoing longwave radiation (OLR).
There exist different methods for calculating the metrics based on each climate aspect, but here we consider only one method for each field (see the appendix). The exception is the outgoing longwave radiation field for which we consider two metrics, OLR (as in S16) and DOLR (as in Mantsis et al. 2017) , to examine if the use of different outgoing longwave radiation metrics is the cause of the conflicting conclusions from these studies (discussed in the introduction). In all cases the metrics are calculated from zonal-mean fields.
c. Analysis
We use a similar analysis approach to S16: Seasonalmean (DJF, MAM, JJA, SON) and annual-mean zonalmean fields are calculated for each meteorological quantity, and each metric is calculated from these mean fields (e.g., the annual-mean TPB metric is the metric calculated from the annual-mean zonal-mean temperature field). Calculations of some of the metrics have also been performed using monthly mean fields, and comparisons with metrics from seasonal-and annual-mean fields are discussed in section 3b. The interannual relationship between pairs of metrics is quantified by calculating the Pearson's correlation coefficient r.
We also assess the relative year-to-year movement of metrics by calculating the linear regression coefficient m for each metric with PSI, that is, X 5 mPSI 1 c, where X 5 EDJ, SLP, etc., the coefficient m corresponds to the relative change in X for a 18 change in PSI, and c is a constant. To understand some of the relationships between 
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DOLR
Outgoing longwave radiation Outgoing longwave radiation is 20 W m 22 less than the subtropical maximum, and poleward of the latitude of the subtropical maximum -metrics we also perform regression analysis for meteorological fields at different locations; that is, X in the above linear regression corresponds to a field (e.g., sea level pressure) at a particular latitude and longitude.
Interannual relationship among tropical width metrics a. Climatological locations of metrics
We first briefly compare the climatological location of the different metrics. As reported previously (e.g., Davis and Rosenlof 2012, S16) there is a range in the mean latitude of different metrics, with most around 308 in both hemispheres, but some have mean latitudes around 408-458 (Fig. 2) . The latitude of the annual mean for each metric is generally similar (within 58) between hemispheres, and the range and ordering of the latitude of metrics are the same for both hemispheres. Differences in the latitudes of different metrics are expected as the metrics measure different aspects of the climate: for example, EDJ is a measure of the eddy-driven jet, which is expected to be poleward of the Hadley cell edge, whereas P-E is near the poleward edge of the subsiding air that is located within the Ferrel cell not at the edge of the Hadley cell where large-scale sinking is maximum (see Fig. 1 ).
There are also differences between the magnitude and phase of the seasonality of the metrics (different colors of symbols in Fig. 2 represent different seasons) . In the SH, metrics are most poleward in summer and equatorward in winter, with the exception of EDJ, which is most poleward in MAM. This is again consistent with previous studies (e.g., S16; Grise and Polvani 2016) . In the NH, there is also a tendency for metrics to be most poleward in summer and equatorward in winter, but there is less consistency among metrics.
b. Correlations with PSI
We now examine the interannual correlation of each of the different metrics with PSI, using fields from the PI simulations. Figures 3a and 3b shows the multimodel mean of the correlation between different metrics and PSI for the NH and SH, respectively. The standard deviations of the correlations for the model ensemble are also shown in parentheses, and asterisks indicate that at least 20 of the models have a significant correlation (at the 95% confidence level by a two-sided t test).
The SH correlation coefficients of EDJ, P-E, SLP, and USF with PSI are positive and statistically significant (at the 95% confidence level) for all models, with the exception of PSI and EDJ in JJA (Fig. 3b) . In contrast, there is much less consistency for correlations of TPB or STJ with PSI, with most correlations in individual models being statistically insignificant. The results for correlations of EDJ, P-E, TPB, STJ and OLR with PSI are generally consistent with S16, who performed the same analysis on a single model (see Fig. 3 of S16). (S16 did not calculate the USF, SLP, or DOLR metrics.) Figure 3b shows that the use of different OLR-based metrics likely explains the different conclusions between S16 and Mantsis et al. (2017) regarding the relationship of OLR-based metrics and PSI. S16 considered the OLR metric, which is generally only weakly correlated with the PSI metric, whereas Mantsis et al. (2017) examined the annual-mean DOLR, which is correlated with PSI. The reasons for the differences between the two OLR metrics are discussed further below.
We next consider the correlations of metrics with PSI in the NH (Fig. 3a) . The results are broadly similar to the SH, with EDJ, USF, and P-E showing higher correlations with PSI than those for STJ, TPB, and OLR. However, there are differences for the PSI and SLP correlations: these two metrics are highly correlated in the SH, but the correlations are much weaker in the NH. This hemispheric difference is related to land-ocean differences between hemispheres (see section 4b below). Another hemispheric difference is the seasonality in the EDJ-PSI relationship: there is a large seasonality in the SH (with higher correlation in DJF than JJA) but limited seasonality in the NH.
Consistent with DB17, Fig. 3 shows that there are higher correlations for EDJ, USF, and P-E with PSI than for STJ and TPB with PSI, in both hemispheres. However, it is notable that the correlations reported here are higher than those for the CMIP5 runs reported in DB17. The mean correlations among PSI, EDJ, and USF are around 0.4 for the SH and 0-0.2 for the NH in DB17, compared with values between 0.5 and 0.7 here. There are several differences between the analysis in DB17 and here: DB17 considered CMIP5 historical runs, used a different subset of CMIP5 models, used slightly different definitions or methods of calculation for metrics, and calculated correlations for detrended, deseasonalized monthly mean time series.
To explore the possible causes of the differences from DB17, we repeated the metric calculations performed here using the CMIP5 historical runs (as used in DB17), and these produced very similar correlation coefficients to those from the PI runs (not shown), indicating that differences in the simulations or set of models used do not explain the differences from DB17. We also calculated correlation coefficients from the 23 PI simulations considered here across a range of time scales, including the month-to-month correlations used in DB17. The resulting correlation coefficients between PSI and EDJ in the SH are shown in Fig. 4 , for (i) multimodel-mean annual, seasonal, and monthly interannual correlations (diamonds, means indicated by horizontal bars) and (ii) multimodel-mean correlations among metrics calculated from 1-, 2-, 3-, 4-, 6-, and 12-month-averaged data (black dots, bars indicate one standard deviation). In this latter calculation the input fields (e.g., zonal wind) are averaged in consecutive, nonoverlapping chunks and the metrics are correlated consecutively. For the 1-6-month-averaged data, the time series of the metrics are deseasonalized by subtracting the climatology. In general, as the time scale of the averaging decreases so does the correlation between the metrics, and the month-tomonth correlations yield lower values than the interannual correlations, consistent with the differences between correlations in DB17 and those reported here (and in S16).
A possible contributor to the lower month-to-month correlations could be seasonal differences in the interannual variance of metrics. Interannual correlations relate metrics at the same time of the year and are not affected by seasonality in the variance, but correlating month-to-month time series implicitly fits a single ratio to the time series, resulting in more unexplained variance and a lower correlation when there is large seasonality in the interannual variance of one metric. There is a much larger seasonality in the variance of EDJ than the variance of PSI (e.g., the multimodel-mean interannual variance of EDJ is around 3 times that of PSI for DJF, but 49 times that of PSI for JJA), and consistent with this there is a large decrease in EDJ-PSI correlations from interannual to month-to-month time scales.
While the different types of correlation (month-tomonth or interannual) are a major factor in the differences between DB17 and values reported here, it is not the only factor. Similar calculations to those shown in Fig. 4 for the NH yield monthly correlations of around 0.4-0.5, which are smaller than values in Fig. 3 but larger than the correlations of less than 0.2 reported in DB17. These lower month-to-month correlations in the NH in DB17 could be due to differences in how particular metrics are calculated. In particular, the NH streamfunction metric is sensitive to the vertical integration technique used (Adam et al. 2018) , and the EDJ metric is sensitive to the vertical level chosen for the zonalmean zonal wind maximum (i.e., 1000 hPa in DB17 vs 850 hPa used here and in S16).
c. Relationship among all metrics
We now consider the relationships among all pairs of metrics, and not just with PSI. There are high correlations between all pairs of PSI, SLP, USF, and EDJ in the SH, with USF and SLP nearly perfectly correlated in most models. These four metrics are also generally highly correlated in the NH, but the correlations are typically weaker than in the SH, especially for correlations with SLP. These results generally apply during all four seasons individually (Figs. S1-S4); pairs of lower-atmospheric metrics are generally correlated, with higher correlations in the SH, and with lower correlations with SLP in the NH. The lowest correlations, in both hemispheres, generally occur for MAM and JJA.
The correlations of OLR and DOLR with EDJ, P-E, USF, and SLP are similar to those with PSI, with higher correlations of annual-mean DOLR with these metrics than for OLR. There are large seasonal variations in the correlations of OLR and DOLR with lower-atmospheric metrics. For example, in the SH there are high correlations between both OLR and DOLR with other metrics in DJF, but weak (and even negative) correlations of OLR and DOLR with these metrics for other seasons ( Fig. 3; Figs. S1-S4) .
The STJ and TPB metrics are generally weakly correlated with all other metrics, particularly in the SH, but they do show a high correlation with each other (as also FIG. 4 . Multimodel-mean correlation coefficients between PSI and EDJ in the SH for PI simulations, for interannual correlations between the annual-mean, seasonal-mean, or monthly mean metrics (diamonds at 12 months, 3 months, and 1 month), and correlations from deseasonalized monthly mean time series filtered by 1-12 months (black dots for multimodel mean and whiskers for one standard deviation). Horizontal bars show the average of interannual correlations from the seasonal-mean or monthly mean metrics (i.e., average of diamonds). Lowest correlations occur for winter months or season and highest for summer months or season.
found by DB17). This also applies for the seasonal-mean metrics (Figs. S1-S4). So the STJ and TPB metrics are likely measuring a similar aspect of the climate system to one another, which is either uncorrelated or only weakly correlated with the variations in the Hadley cell width.
d. Regression coefficients
The above analysis has identified which tropical width metrics covary interannually, but even if two metrics covary it does not mean that they will shift poleward or equatorward the same amount. The movement of the different metrics in the 43CO 2 simulations will be examined in section 5, but first we examine the relative year-to-year movement of metrics in the PI simulations using the regression analysis described in section 2c. 95% confidence level if r exceeds 0.1.) The corresponding plots for each season are shown in Fig. S5 .
The regression coefficients indicate that EDJ shifts more than PSI, with m . 1 for nearly all models, for both hemispheres (consistent with earlier studies; e.g., Polvani et al. 2011; Kang and Polvani 2011; Staten and Reichler 2014) . There is, however, a large spread among the models with m close to 1 in some models but larger than 2 in others (multimodel-mean m is 1.5 in SH and 1.7 in NH); that is, in some models the eddy-driven jet and Hadley cell edge move by the same amount, whereas in others the jet moves twice as far the Hadley cell edge. This spread in m among the models is related to the spread among the models in the distance between the climatological latitudes of PSI and EDJ, with smaller m (smaller relative shift in EDJ compared to PSI) for models with a larger separation between the climatological PSI and EDJ (not shown). The correlation between PSI and EDJ also varies with the climatological distance between PSI and EDJ, with lower correlation for larger climatological difference between PSI and EDJ [consistent with Kidston et al. (2013) ]. Indeed, consistent with these relationships, it can be seen, at least for the SH, that models with a smaller m also have a lower correlation (Fig. 6b) .
For P-E, SLP, USF, and DOLR the regression coefficient m is closer to 1, with multimodel-mean m generally less than 1. Thus we would expect similar variability, and possibly similar shifts in response to forcing, in these metrics to that in PSI. There is still a spread in m among models; in the SH the spread in m f o rt h e s em e t r i c si sl e s st h a nf o rE D J ,b u ti nt h eN Ht h e spread is comparable to that for EDJ. As discussed in Seviour et al. (2018) , the spread in m among the models for the P-E-PSI relationship in the SH is again related to spread in the distance between the climatological latitude of the metrics. The results are generally similar between hemispheres, except for P-E where m , 1 in the SH in all but one model (multimodel-mean value around 0.7), but m ranges from 0.5 to 2.0 in the NH (with multimodel-mean m around 1). The cause of this hemispheric difference is unknown and requires further investigation.
For the STJ, TPB, and OLR metrics the regression coefficient m is generally much less than 1 in the models, and can even be negative (multimodel-mean m for the SH is close to 0 for all 3 metrics). However, the correlation coefficients between these metrics and PSI are smaller than the above metrics and the values of m for these metrics are less robust.
The fact that for several metrics the spread in m among the models is related to the spread in distance between the climatological locations of the metrics suggests that it may be possible to constrain the relative shift of two metrics using their observed climatological relationship. As shown in Seviour et al. (2018) , this is not possible for the P-E-PSI relationship because of large uncertainties in the climatological location of P-E 5 0in reanalyses. However, it may be possible for other metrics where there is better agreement in the climatological locations of the metrics among the reanalyses.
Spatial analysis
To better understand the relationships between PSI and the other tropical width metrics documented above, we perform a regression analysis between PSI and the fields that are used to define the other metrics. The analysis has been performed for both hemispheres and different seasons, with generally similar results. For brevity we focus here on results for SH annual-mean fields, which are summarized in Fig. 7 and Fig. S6 .
a. Zonal winds
We first consider the changes in the 850-hPa zonalmean zonal wind (u850) associated with a meridional shift in PSI. Figure 7a shows the latitudinal distribution of u850 for a 28 poleward (solid curves) or 28 equatorward (dashed) shift of PSI from its climatological location. (The corresponding regression coefficients for each individual model, and the mean of the models, are shown in Fig. S6a ) Associated with a poleward movement of PSI, there is an increase in winds poleward of, and a decrease equatorward of, the climatological EDJ. This results in a poleward shift of the maximum winds, and hence a poleward shift in the EDJ metric, consistent with the high correlation between PSI and EDJ described above (Figs. 3 and 5 ). Figure 7a also shows that there is poleward shift of the subtropical zero crossing of u850 associated with a poleward shift of PSI. This is consistent with the high correlation between the USF and PSI metrics (Figs. 3 and 5) . The movement in the location of where the u850 5 0 is similar to the movement of PSI (48), but there is a larger movement in the location of maximum u850 (around 68). Again, this is consistent with the previous analysis shown in Fig. 6 , where there is a similar shift in USF and PSI (;1:1) but a larger shift in EDJ than PSI (;1.5:1).
We next consider the difference between the zonalmean upper-tropospheric (400-100 hPa) and 850-hPa zonal winds [Du 5 u(400 -100) 2 u850], which are used to define the STJ metric. There is near-uniform weakening of Du in the subtropics associated with a poleward shift of PSI (see Fig. S6b ), but there is little change in the latitude of the maximum Du that defines STJ (Fig. 7b) , consistent with the weak correlation between the PSI and STJ metrics (Fig. 3) . Note that Fig. 7b shows that although the correlation between PSI and STJ is weak, there are still changes in subtropical winds associated with a poleward expansion of the Hadley cell, but these changes are primarily in the magnitude of the winds rather than the latitude of maximum winds.
b. Sea level pressure
We next consider changes in the zonal-mean sea level pressure field associated with a poleward shift in PSI. There is little change in the sea level pressure equatorward of the climatological SLP (vertical dashed line), which is nearly identical to the climatological PSI (Fig. 7c) . However, there is an increase in the sea level pressure poleward of this latitude, and a poleward shift in maximum sea level pressure. This is again consistent with the correlation analysis in section 3, which showed that PSI and SLP tend to move poleward together in the SH. Figure 7c also shows an increase in the meridional gradient of SLP between 408 and 608S (around 108-308 south of the climatological PSI). This corresponds to a more positive southern annular mode (which can be defined by differences in pressure between 408 and 608S) with the poleward expansion of the Hadley cell.
The results shown in Fig. 7c are for SH annual-mean fields. Similar results are found for all seasons in the SH; that is, for each season there is a poleward movement of the latitude of maximum zonal-mean sea level pressure associated with a poleward shift in PSI. There are, however, seasonal differences in the NH (not shown): In DJF the change in NH zonal-mean sea level pressure is similar to the SH, with a poleward movement of the latitude of the maximum associated with a poleward shift in PSI, but in JJA there is an insignificant change in the magnitude and location of the maximum of the multimodel-mean zonal-mean sea level pressure. An equivalent analysis of the response in individual models in JJA shows some small changes in sea level pressure with a poleward shift in PSI, but there is a large spread in the location of those changes relative to the SLP maximum among the models. This seasonal difference in the sea level pressure anomalies related to shifts in PSI is consistent with the seasonality in PSI-SLP correlations (Fig. 3) , with statistically significant correlations in DJF but not in JJA.
The hemispheric differences in the sea level pressure anomalies associated with shifts in PSI are related to land-ocean differences in the sea level pressure anomalies. Regression analysis shows that there are increases in sea level pressure over oceans associated with a poleward shift in PSI but changes are of inconsistent sign over land (see Fig. S7 ). This is consistent with Schmidt and Grise (2017) , who performed a similar regression analysis using reanalyses and CMIP5 model simulations. In the SH, the oceanic response dominates and there is a large increase in the zonal-mean sea level pressure poleward of the subtropical high, but in the NH there is partial cancellation of the ocean and land responses and a weaker response in zonal-mean sea level pressure (especially in JJA) (see Fig. S7 ). In other words, the poleward movement of the Hadley cell is primarily associated with the poleward movement of the subtropical highs over ocean basins.
c. Outgoing longwave radiation
Next we consider the changes in the zonal-mean outgoing longwave radiation field associated with a poleward shift in PSI. Figure 7d shows that there is an increase in outgoing longwave radiation poleward of the climatological PSI and a decrease equatorward of this latitude associated with a poleward shift of PSI. This also applies for all seasons and for both hemispheres (not shown). These changes in outgoing longwave radiation are consistent with the expected changes in vertical motion associated with a meridional expansion of the Hadley cell. On the equatorward side of the climatological PSI there is anomalous upward motion, whereas there is anomalous downward motion on the poleward side. This results in weaker subsidence and decreased outgoing longwave radiation equatorward of the climatological PSI, and stronger subsidence and increased outgoing longwave radiation poleward of the climatological PSI.
Given this dipole change in zonal-mean outgoing longwave radiation relative to the climatological PSI, the change in the OLR metrics will depend on where the metric lies relative to PSI. The climatological latitude where OLR 5 250 W m 22 is close to the climatological PSI (which is why it was chosen as a metric) and generally lies between the regions of increasing and decreasing outgoing longwave radiation (Fig. 7d, vertical  dashed line) . Thus, there is little change in the latitude where OLR 5 250 W m 22 and hence weak correlations between the OLR and PSI metrics (Fig. 3) .
As the DOLR metric is defined relative to the maximum outgoing longwave radiation, it is influenced by changes in outgoing longwave radiation equatorward of the climatological PSI, as well as possibly changes poleward of the climatological PSI. For the annual-mean fields there is a decrease in peak values of outgoing longwave radiation and the latitudes where outgoing longwave radiation is 20 W m 22 less than the new maximum is within the region of increasing outgoing longwave radiation (see symbols in Fig. 7d ), resulting in a poleward shift in DOLR. For some seasons (e.g., JJA in the SH, DJF in the NH) the DOLR latitude is equatorward of the climatological PSI (and in the region where outgoing longwave radiation decreases with a poleward shift of PSI), and there is a weak or no correlation between DOLR and PSI for these seasons.
Although the latitude where OLR 5 250 W m 22 is poorly correlated with PSI in the SH annual mean, Fig. 7d suggests that the latitude where OLR 5 240 W m 22 may be more highly correlated as this latitude lies poleward of the climatological PSI and within the region of increasing outgoing longwave radiation for all seasons. Indeed, there is a higher correlation of OLR 5 240 W m 22 with PSI than for OLR 5 250 W m
22
for both hemispheres and all seasons, with the exception of JJA in the NH where the latitude where OLR 5 240 W m 22 is at high latitudes (or nonexistent in some models). In the SH the multimodel-mean correlation of OLR 5 240 W m 22 with PSI is in the range 0.5-0.6 for all seasons, whereas in the NH there is larger variability between seasons (from 0.1 in JJA to 0.6 in MAM). Although the latitude of OLR 5 240 W m 22 may be more correlated with PSI and other lower-atmosphere metrics than the latitude of OLR 5 250 W m 22 ,u s i n g this value suffers the same potential issues as OLR 5 250 W m 22 due to artificial global trends in observational datasets related to changes in satellite instrumentation or sampling as discussed in Davis and Rosenlof (2012) .
d. Tropopause pressure
Finally, we consider the changes in the zonal-mean tropopause pressure. There is much less consistency among the models for the response of tropopause pressure than the fields considered above; for example, the sign of the change in tropopause pressure often varies among the models, and the multimodel change is small (see Fig. S6e ). Because of this we show in Fig. 7e the tropopause pressure associated with a 108 (rather than 28) shift in PSI. Even with this large shift in PSI there is virtually no change in tropopause pressure close to the mean TPB latitude for the multimodel mean (and also in most models), which is consistent with the lack of correlation between TPB and PSI metrics (Fig. 3) . As with the OLR and Du fields, although there is no change in tropopause pressure near the latitude of the TPB metric, there are changes in the subtropics and higher latitudes.
e. Subtropical jet and tropopause relation
The analysis in the previous section showed that the TPB and STJ metrics do not covary with PSI, but that they do covary with each other. To examine this we use the same regression analysis to calculate the change in tropopause pressure associated with a shift in the STJ latitude. There is more consistency among models for the regression of tropopause pressure with a shift in STJ than with a shift in PSI (Fig. S6f) , and there is a decrease in tropopause pressure (upward movement of the tropopause) around the TPB latitude with a poleward movement of STJ (see Fig. 7f ). The change in tropopause pressure results in a poleward shift in maximum meridional gradients, and, consistent with the correlation analysis (Fig. 5) , there is a poleward shift in both TPB and STJ.
Response to CO 2 forcing
Finally, we consider the response in the different metrics in the 43CO 2 simulations and examine whether the forced response is the same for all metrics. Grise and Polvani (2016) (see also Grise and Polvani 2014) have calculated the response in PSI, P-E, and EDJ in the 43CO 2 simulations of the same 23 models considered here. We extend this analysis to consider the other metrics of tropical width. We also compare the relative responses of different metrics with the regression analysis from the PI runs. As in the regression analysis, we focus on metrics calculated from annual-mean fields.
a. Southern Hemisphere
We consider first the SH. Figure 8 shows scatterplots between the response of each metric to 43CO 2 forcing versus the response of PSI to the same forcing, where the response is defined as the difference between the average of years 50-150 of the 43CO 2 simulation from the climatological value for the PI run. As shown in Grise and Polvani (2016) , there is a poleward shift in the annual mean PSI, P-E, and EDJ in all models, with a larger shift in EDJ than the other metrics (multimodel-mean shiftofEDJis;2.758 compared to ;1.78 for PSI and P-E). T h e r ei sa l s oap o l e w a r ds h i f ti nS L Pa n dU S F ,w i t h similar multimodel-mean shifts as PSI. The same result is also reported by Son et al. (2018) for the extended representative concentration pathway (RCP) 4.5 simulations.
For all metrics there is a large spread in the magnitude of the shift among the models (e.g., 18-38 shift in PSI), and models with larger shifts in PSI tend to have larger shifts in EDJ, P-E, SLP, and USF (correlation coefficients between shift in each metric and PSI are listed in Fig. 8 ). The slope of the linear fit between each metric and PSI also varies among the metrics, ranging from 0.66 for P-E to 1.4 for EDJ (see Fig. 8 ). These values are close to the multimodel-mean regression coefficient for interannual variations in the PI runs (Fig. 6b) , as can be seen by comparing the slopes of the solid and dashed lines (which show linear fit to trends and regression based on interannual variations, respectively). FIG. 8 . Relationships between the response of SH annual mean metrics to 43CO 2 with that of PSI. Each diamond is a different model, and red asterisks are the multimodel means. The solid lines are the linear fits to 23 models, the dashed lines have slope equal to the regression coefficient m from the interannual regression analysis (Fig. 6) , and the dotted lines indicate the 1:1 lines. Correlation coefficient r (asterisk indicates significance at 95% confidence level) and slope m are given in the legend.
The shift in OLR across the models is also correlated with that in PSI (r 5 0.68) and the multimodel-mean shift in OLR is comparable with (although slightly smaller than) that for PSI. This is surprising given that there is a very weak correlation between OLR and PSI on interannual time scales in the PI simulations (Fig. 3) , and we would not expect the OLR and PSI trends to be highly correlated based on our interannual correlations alone (dashed line shows expected relationship). The cause of this apparent contradiction is that the trends in the OLR metric in the 43CO 2 run are due to changes in the global-mean OLR rather than the expansion of the Hadley cell. In the 43CO 2 runs there is an initial decrease in global-mean OLR, but the OLR recovers to PI values over the next few decades because shortwave feedbacks cause an increase in the net absorption of solar radiation (Donohoe et al. 2014 ). In the majority of the models the global-mean OLR exceeds the PI values by the end of the 150-yr run, resulting in the poleward shift in the OLR metric shown in Fig. 8g . Further, the intermodel spread in OLR response is highly correlated with the climate sensitivity of the models (correlation coefficient r 5 0.78), as the climate sensitivity of the models is largely determined by shortwave cloud feedbacks (e.g., Vial et al. 2013) . The spread in PSI across the models is also highly correlated (r 5 0.81) with the climate sensitivity of the models Polvani 2014, 2016; Davis et al. 2016) , and this results in the correlated response of the OLR and PSI metrics.
The correlation between shifts in DOLR and shifts in PSI (Fig. 8h) is weaker than the correlation found on interannual time scales between DOLR and PSI (Fig. 3) . Unlike the shifts in PSI and OLR, the shifts in DOLR are not correlated with the climate sensitivity of the models (r , 0.01), as they are only weakly affected by the globalscale changes in OLR discussed above. This insensitivity to changes in global-mean OLR occurs because DOLR is defined relative to maximum OLR (which generally increases in the 43CO 2 runs). Note that, while the relationship is weaker, the slope of the linear fit between the responses of DOLR and PSI to 43CO 2 is consistent with the multimodel-mean regression coefficient for interannual variations in the PI runs (see solid and dashed lines in Fig. 8h) .
The shifts in STJ and TPB in response to 43CO 2 are much smaller than the shift in PSI, with the multimodelmean shift less than 0.58 and an equatorward shift for several of the models. There is however still a moderate correlation between the shift in STJ or TPB with the shift in PSI across the models (the correlation between TPB and PSI is significant at the 95% confidence level, but the STJ and PSI correlation is not), which is in contrast to the small correlations found from interannual variability in the PI simulation (Fig. 3) . The correlation among models for trends in the 43CO 2 simulation may again be due to trends in the STJ and TPB metrics due to radiative changes (e.g., Voigt and Shaw 2015) and not necessarily associated with trends in the edge of the Hadley cell.
The above results are consistent with the earlier S16 and DB17 studies that showed consistent forced responses in PSI, EDJ, P-E and USF, but weak (or opposite) responses in STJ, TPB, and OLR.
b. Northern Hemisphere
The responses of the metrics in the NH (Fig. 9) are somewhat similar to the SH, with generally positive correlations with PSI trends (i.e., models with larger PSI response tend to have a larger response in the other metrics). However, there are some differences. The poleward movement of PSI in the NH (0.28-1.28)i s much smaller than in the SH. There is also generally a poleward movement of P-E, USF, and EDJ in the NH, but unlike in the SH for each metric two or three models show an equatorward shift (although they are not the same models for each metric). In the SH there is a strong correlation between the TPB and PSI trends but this is not the case in the NH.
One of the most notable differences between hemispheres is the trends in SLP. Whereas SLP shifts poleward in the SH, there is an equatorward movement of SLP in the NH in most models. So although there are moderate interannual correlations between annualmean SLP and PSI in the NH, these metrics do not respond the same to increases in greenhouse gas forcing, and in fact they can show different signed trends. Analysis of the spatial structure of the multimodel-mean sea level pressure response to 43CO 2 shows an increase in pressure on the poleward side of the Atlantic subtropical high (consistent with a poleward shift of SLP) but an increase on the equatorward side of the Pacific high [not shown, but spatial pattern is very similar to the response in CMIP5 historical greenhouse-gas-onlyforced simulations shown in Fig. 4 of Schmidt and Grise (2017) ]. The above indicates that although PSI and SLP may covary interannually, the SLP metric is probably not a good metric for monitoring forced changes in the Hadley cell width in the NH.
Another difference is the relationship between the PSI and OLR responses. As in the SH, both PSI and OLR in the NH move poleward with an increase in CO 2 . However, there is a weaker correlation between the PSI and OLR responses in the NH. This occurs because while there is again a high correlation (r 5 0.77) between the climate sensitivity and the OLR response in the NH, there is a much weaker correlation (r 5 0.38) between FIG.9.AsinFig. 8, but for the NH annual mean. the climate sensitivity and PSI response in the NH (Grise and Polvani 2016) .
Conclusions
In this paper, we have provided a detailed analysis of the relationships among nine metrics of the width of tropics used in past studies to quantify the recent expansion of the tropics. Analysis of control and 43CO 2 simulations from 23 CMIP5 models shows the following:
1) The PSI, USF, P-E, and EDJ metrics generally covary on interannual time scales for both hemispheres and all seasons, and all metrics shift poleward in response to quadrupling of CO 2 . There is, however, a large spread in the relative year-to-year movement of metrics among the models. 2) The SLP metric covaries with the above four metrics and also shifts poleward in the response to increased CO 2 in the SH. However, this is not generally the case in the NH where interannual correlations of SLP with other metrics can be very low, and SLP moves equatorward in many 43CO 2 simulations. 3) Whether OLR-based metrics covary with PSI (and the above metrics) depends on the OLR metric used. In general, the latitude of OLR 5 250 W m 22 does not covary with PSI or other metrics in the SH, but DOLR 5 20 W m 22 does for annual mean fields. The response of the two OLR metrics to 43CO 2 is driven primarily by the increases in the net absorption of solar radiation (due to shortwave feedbacks) and not changes in tropical circulation, and these metrics are not good indicators of greenhouse gas-forced changes of the width of the Hadley cell. 4) The STJ and TPB metrics do not strongly covary with the other metrics considered. However, they are generally correlated with each other, and STJ and TPB may be measuring similar aspects of the circulation, which are uncorrelated with Hadley cell expansion or contraction.
The above results are generally consistent with the conclusions of S16 and DB17, and also explain the discrepancies (highlighted in the introduction) among these and other studies of tropical expansion. In particular, the higher values for correlations among metrics in S16 compared to DB17 are largely due to S16 calculating interannual correlations from annual-mean data and DB17 calculating month-to-month correlations among metrics. Also, the different conclusions in S16 and Mantsis et al. (2017) regarding covariability of PSI and OLR metrics are due to different metrics used in the two studies: S16 used the latitude where OLR 5 250 W m 22 , which is not well correlated with PSI, whereas Mantsis et al. (2017) used the DOLR metric, which is correlated with PSI (at least for annual-mean fields).
The results presented here, together with those of S16 and DB17, show that the PSI, USF, P-E, EDJ, and SH SLP metrics are closely related to the width of the Hadley cell (or subtropical dry zone; latitude where P-E 5 0), and use of these metrics will likely give similar measures of tropical expansion. Although EDJ covaries with tropical width on interannual time scales, the magnitude of its forced response can be very different from that of direct measures of tropical width such as PSI. On the other hand, SLP in the NH, OLR-based metrics, STJ, and TPB should not be used as measures of expansion of the Hadley circulation (or dry zones) because they either do not strongly covary with the above metrics or respond differently to increases in greenhouse gases. This is unfortunate as these metrics include those that can be derived from observations rather than meteorological reanalyses (e.g., OLR from satellite data, TPB from radiosondes, and SLP from surface observations).
There are several open questions that remained unanswered by this study. One is this: What is the physical explanation for weak relationship between variations in the STJ and TPB compared with those in PSI and other Hadley cell width metrics? A second, somewhat related, question is this: Do other metrics based on upper-tropospheric winds or tropopause pressure (e.g., Lucas et al. 2014; Amaya et al. 2018 )h a v eas t r o n g e r correlation to PSI? The analysis in section 4 shows that some aspects of the upper-tropospheric winds and tropopause pressure do vary with PSI, so modified metrics may have a stronger relationship with PSI.
A general, take-home message from this study is that care is needed when choosing metrics for studies of the width of the tropics, and it is important to make sure the metric used is appropriate for the specific phenomena and impacts being examined. Similar care is needed if introducing a new metric-it is important to show that the metric varies in a similar manner to the property of interest (e.g., Hadley cell width) and it is not enough to have a similar climatological-mean location.
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APPENDIX
Calculation of Metrics
All metrics were calculated using the Tropical-width Diagnostics (TropD) code (Adam et al. 2018) . For all metrics the basic fields used for the calculations are zonally averaged and also averaged in time before calculations of the metrics (i.e., the zonal-mean meridional velocity is averaged over season or year before calculation of the mean meridional streamfunction, and the zonal-mean temperature is averaged in time before calculation of the thermal tropopause).
PSI is the zero-crossing latitude of the mean meridional streamfunction at the 500-hPa level, poleward of the tropical streamfunction extremum in either hemisphere. If an additional zero-crossing latitude that meets the same criteria is found within 208 latitude poleward of the initial zero-crossing latitude, the metric is deemed poorly defined for that month and is set to a missing value. The zonal-mean meridional mass streamfunction c is calculated from the zonal mean of the meridional wind (integrating from the uppermost pressure level down to the surface level). The metric is calculated using the ''Psi_500'' method in TropD_ Metric_PSI.
EDJ is the latitude of maximum zonal wind at the 850-hPa level. In the SH it is calculated using the ''peak'' method (weak smoothing) in TropD_Metric_EDJ, whereas in the NH it is calculated using the ''max'' method (moderate smoothing). This method does not work well where the maximum is very sharp, which is the case for the SH.
USF is the zero-crossing latitude of the surface zonal wind (and corresponds to UAS in TropD). It is calculated using the ''zero_crossing'' method in TropD_Metric_UAS.
STJ is the latitude of maximum of the zonal wind averaged between the 100 and 400 hPa levels minus the zonal wind at the 850-hPa level. It is calculated using the ''adjusted_max'' method in TropD_Metric_ STJ.
P-E is the zero-crossing latitude of P-E poleward of the subtropical minimum in P-E and equatorward of 70•. As for PSI, if an additional zero-crossing latitude that meets the same criteria is found within 208 latitude poleward of the initial zero-crossing latitude, the metric is set to a missing value. It is calculated using the ''zero_ crossing'' method in TropD_Metric_PE.
SLP is the latitude of maximal sea level pressure (and corresponds to PSL in TropD). It is calculated using TropD_Metric_PSL with, as for EDJ, the ''peak'' method in the SH and the ''max'' method in the NH.
TPB is the latitude of maximal poleward gradient of the tropopause pressure, calculated using the ''max_ gradient'' method in TropD_Metric_TPB.
OLR is the first latitude poleward of the subtropical outgoing longwave radiation maximum at which OLR drops to 250 W m
22
, and is calculated using the method ''250W'' in TropD_Metric_OLR.
DOLR is the first latitude poleward of the subtropical outgoing longwave radiation maximum in each hemisphere at which OLR drops to 20 W m 22 below the OLR maximum. It is calculated using the method ''20W'' in TropD_Metric_OLR.
